Neuronal loss in Alzheimer's disease, a better correlate of cognitive impairment than amyloid deposition, is currently gauged by the degree of regional atrophy. However, functional markers, such as GABA A receptor density, a marker of neuronal integrity, could be more sensitive. In post-mortem hippocampus, GABA A messenger RNA expression is reduced even in mild cognitive impairment. We measured whole-brain GABA A binding potential in vivo using 
Introduction
In brains of patients with Alzheimer's disease with the mildest clinically detectable dementia (Clinical Dementia Rating scale = 0.5), a 32% loss of neurons has already occurred in the entorhinal cortex (Gomez-Isla et al., 1996) . Neuronal loss spreads as the disease progresses and correlates better than amyloid deposition with the degree of clinical worsening (Crystal et al., 1988; Gomez-Isla et al., 1996; Giannakopoulos et al., 2003) . Regional neuronal loss can be gauged by the degree of atrophy, currently used as a neuroimaging marker of neuronal loss (Killiany et al., 2000; Chetelat et al., 2010) . It is possible, however, that imaging of receptors ubiquitous in neurons, such as the GABA A receptor (Kisvarday et al., 1990) , could be more sensitive than atrophy to neuronal loss in Alzheimer's disease. In post-mortem hippocampus, a decreased expression of the GABA A messenger RNA has been described even in mild cognitive impairment (Rissman et al., 2004) . Regional GABA A receptor availability can be quantified in vivo with [
11 C]-flumazenil PET, which has been reported to be more specific than diffusion-weighted MRI for the detection of neuronal loss in stroke (Heiss et al., 2004 ). In contrast, a single patient study and two previous series using [ 11 C]-flumazenil in Alzheimer's disease have been negative (Sedvall et al., 1987; Meyer et al., 1995; Ohyama et al., 1999) . The study by Meyer et al. (1995) included five patients with mild or early Alzheimer's disease (mean Mini-Mental State Examination = 22) and six healthy controls. Ohyama et al. (1999) studied five patients with probable Alzheimer's disease and five healthy controls. Partly because lateral temporoparietal association cortex shows the greatest metabolic loss in Alzheimer's disease, these PET studies focused on a comparison of metabolism or regional cerebral blood flow with [
11 C]-flumazenil binding in these regions. However, these are not the regions where the greatest neuronal loss has been detected in post-mortem studies (Brun and Englund, 1981) . Additionally, the relationship between atrophy and metabolism is complex, with areas, such as the hippocampus, where there is atrophy but relatively preserved metabolism and others with marked metabolic decline but little atrophy (Chetelat et al., 2008) . This is not surprising because metabolism reflects synaptic activity (Rocher et al., 2003) ; metabolic loss in a region may simply reflect neuronal loss in the region home to the neurons projecting to the metabolically impaired region. Lateral parietotemporal association cortex receives a heavy projection from the medial temporal region (Lavenex et al., 2002; Munoz and Insausti, 2005) , with marked neuronal loss in Alzheimer's disease (Gomez-Isla et al., 1996 (McKhann et al., 1984) for the diagnosis of probable Alzheimer's disease but with a mild degree of cognitive impairment (mean Mini-Mental State Examination score was 21.2). Other neurological or psychiatric disorders were excluded in both patients with Alzheimer's disease and controls by a thorough medical and neurological evaluation, including standard biochemical and haematological studies. Because both groups had served as controls for another study (Pascual et al., 2010) , comparing them to patients with microvascular disease, the presence of vascular lesions, including white matter changes visible on T 1 -weighted images or more than punctate hyperintensities on T 2 -weighted images, was carefully excluded by MRI. To facilitate sleep, one patient and one healthy control were taking a similar dose of lormetazepam, which in both cases was discontinued 1 week before the PET procedure. Two patients were taking donepezil, also discontinued 1 week before undergoing PET. The study had been approved by the local Ethics Committee following Declaration of Helsinki guidelines for the study of human subjects. All subjects were fully instructed on the experimental procedures and provided written, informed consent.
Neuropsychological testing
The tests performed are listed in Table 2 . They were obtained according to standard procedures and were analysed using SPSS Version 17 (2006) . Due to the small sample size, comparisons between patients ]-flumazenil, a set of 19 sequential 3D PET frames of the entire brain were obtained over a period of 60 min, according to the following protocol: 4 Â 30 s, 3 Â 60 s, 2 Â 150 s and 10 Â 300 s. Arterial blood samples were drawn from the radial artery during the dynamic emission scans, for a total of 21 blood samples (intervals: 8 Â 15 s, 3 Â 60, 2 Â 150 and 8 Â 300 s). The sampled blood was processed to obtain arterial plasma input function for modelling. Using a procedure that provides reliable findings for [ 11 C]-flumazenil PET (Okazawa et al., 2004) , metabolites were not measured but were calculated as described by Okazawa et al. (2004) , and plasma input function corrected accordingly. The radioactivity measured in the PET scans and blood samples was corrected for decay to the starting point of each scan.
Voxel-based parametric images of [ 11 C]-flumazenil volume of distribution (V T ) were computed with PMOD software (PMOD Technologies) using the graphic plot method of Logan. The slope of the graphical plot was calculated from 15 to 60 min, representing the volume of distribution (Innis et al., 2007) , which is here simply of each subject were processed and corrected for partial volume effects using the method of Rousset et al. (1998) implemented in PVElab (pvelab@nru.dk) (Quarantelli et al., 2004) . The point-spread function to perform partial volume correction was calculated by determining the true resolution of the PET camera . Thus, a full-width at half-maximum of 7.3 mm was used for this purpose. Individual PET images were co-registered to high-resolution native-space T 1 -weighted MRI images using the mutual information method of SPM8. Then, the T 1 -weighted images were segmented into grey matter, white matter and CSF. The segmented grey matter images were spatially normalized into the Montreal Neurological Institute (MNI) grey matter provided by SPM8, and the inverse transformation matrix was used to label the segmented grey matter voxels in the patient's MRI-PET space according to a template of volumes of interest defined in the MNI space ( Supplementary Fig. 1 ) (Berkouk et al., 2006) . For each volume of interest, partial volume effectscorrected, mean tracer concentrations were calculated for each participant. Briefly, segmented grey matter volumes of interest were corrected for the percentage of activity spilling from/to white matter whereas the CSF was constrained to zero because CSF is supposed to not have significant activity (Quarantelli et al., 2004) . Because the size of the sample was small, comparisons between Alzheimer's disease and healthy controls were performed using the Mann-Whitney U test. Alpha was set at 0.05 for all analyses. In addition to using the arterial input function, we analysed the [ 11 C]-flumazenil PET data and compared the two groups using the pons as a reference region (Supplementary material).
Results

Neuropsychological performance
Patients with Alzheimer's disease had impaired memory. In addition, they performed significantly worse than healthy controls in some language tasks, but not on executive function tasks (Table 2) .
Volumetric magnetic resonance imaging
On volume of interest analysis, hippocampal volumes were smaller in the Alzheimer's disease group (Fig. 2 Supplementary Fig. 2 ). Cortical thickness and voxel-based morphometry yielded several regions, including the left medial temporal area, with decreased volume in Alzheimer's disease at uncorrected P 5 0.005, but none which survived corrected significance (Supplementary Table 2 and Supplementary  Figs 3 and 4) . All the voxel-based, parametric contrasts, are displayed at the same P-value, to facilitate comparison across imaging modalities.
[
F]-Fluorodeoxyglucose positron emission tomography
Left parietal association cortex and both precunei showed lower metabolism in Alzheimer's disease (P 5 0.005 uncorrected), but none of these comparisons survived corrected significance (Supplementary Table 3 and Supplementary Fig. 5 ).
[ 11 C]-Flumazenil positron emission tomography
With voxel-based parametric analysis using arterial input function, flumazenil binding in patients with Alzheimer's disease was decreased in the left medial temporal region, including entorhinal cortex (whole brain analysis, cluster-level FWE-corrected P = 0.048; volume of interest, voxel-level FWE-corrected P = 0.023); and with uncorrected significance (voxel level P 5 0.005), there was decreased binding in the right inferomedial temporal region, left precuneus and supramarginal gyri of both hemispheres ( Fig. 1 and Table 3 ). With volume of interest analysis, (Table 2 and Supplementary Fig. 7 ). With the analysis using the pons as reference region, no regions were identified reaching corrected significance on voxel-based testing (Supplementary Table 5 ) or in volume of interest analysis (Supplementary Table 6 ). However, in voxel-based testing, regions that differed across groups were detected at the uncorrected P 5 0.005 voxel level, largest in the left medial temporal region (Supplementary Table 5 and Supplementary Fig. 8 ) that were very similar to the ones detected with the arterial input method.
Discussion
We found [ 11 C]-flumazenil binding to be decreased in regions which, on extensive histological sampling, have shown the greatest degree of neuronal loss in early Alzheimer's disease. In a classical study, Brun and Englund (1981) found most marked neuronal loss in the medial temporal region, where [
11 C]-flumazenil binding was most decreased in our study, but also in the posterior cingulate gyrus and in the supramarginal gyri of both hemispheres, regions with a strong trend for decreased [ 11 C]-flumazenil binding on voxel-based imaging ( Supplementary Fig. 9 ), and in the case of the posterior cingulate, significantly lower for Alzheimer's disease in volume of interest analysis (Supplementary Table 4 and Supplementary Fig. 6 ).
In a study comparing (Pascual et al., 2010) , where Alzheimer's disease was compared with microvascular disease, the type of vascular disease most likely to be a confounder for this study. The depression rating scale score was higher in the group with Alzheimer's disease, although not significantly so and [
11 C]-flumazenil binding correlated with depression scores (Table 2) . However, we used the standard Geriatric Depression Scale to measure depression. Some of the items in this scale will be checked as positive not only in patients with depression, but also in those with cognitive impairment. For instance, the item that reads: 'Is your mind as clear as it used to be?' None of the patients with Alzheimer's disease had clinical depression. We did not find significantly decreased binding in the posterolateral parietotemporal association cortex, where decreased metabolism is regularly seen in Alzheimer's disease (Chetelat et al., 2008) and where an intermediate degree of neuronal loss was found by Brun and Englund (1981) . Preserved [ 11 C]-flumazenil binding in this region may result from a delicate balance of neuronal loss versus increased expression of the GABA A receptor in the remaining neurons. Receptor plasticity has been documented after lesions of projection pathways. In rodents, lesions of the perforant hippocampal pathway resulted in an acute loss of GABA receptors, but similar levels to controls were recorded 30 days after the acute lesion (Mizukami et al., 1997) . A similar compensatory plasticity has been shown in Alzheimer's disease using post-mortem tissue. In the hippocampal formation, immunohistochemical, biochemical and in situ hybridization methods have shown an increased expression of GABA A receptors in the surviving neurons (Armstrong et al., 2003; Iwakiri et al., 2009) . Similar data are not available for the posterior parietotemporal association cortex. While marked neuronal loss in medial temporal regions (Brun and Englund, 1981; Gomez-Isla et al., 1996 would dictate that the total GABA A activity be reduced here, a milder loss in posterior parieto-temporal association cortex (Brun and Englund, 1981) may be compensated by an increase of GABA A receptors in the remaining neurons, leaving regional [
11 C]-flumazenil binding unaltered, as we found in this region. Several methodological differences may explain the positive finding in our study while previous studies of [ 11 C]-flumazenil in Alzheimer's disease, with a number of patients similar to ours, were negative (Meyer et al., 1995; Ohyama et al., 1999) . First, we used voxel-based comparisons. By comparing all the voxels in the brain of patients with Alzheimer's disease and healthy controls, decreased binding can be found in areas that, when averaged with preserved areas in a volume of interest methodology, may pass undetected. In our study, apart from extensive changes in the medial temporal regions, other areas of decreased binding were small and likely to disappear when averaged with tissue containing normal binding values. For instance, despite decreased binding in both supramarginal gyri and the left precuneus (Fig. 1) , overall binding in parietal lobes was not decreased in our volume of interest analysis (Supplementary Table 4 and Supplementary Fig. 6 ). Secondly, we used native space MRI to co-register it with native PET data and bring PET data to standard space. This technique not only allowed us to correct for partial volume effects, but also improved the quality of PET data in standard space and therefore the yield of all the comparisons performed across subjects and groups of subjects (Shan et al., 2011) . In addition, our subject samples were better matched by sex (Meyer et al., 1995) and by age (Meyer et al., 1995; Ohyama et al., 1999) .
Our findings agree with binding studies on Alzheimer's disease post-mortem tissue showing a 40% loss of benzodiazepine 11 C]-flumazenil binding was decreased in subjects with Alzheimer's disease compared to healthy controls (SPM8 voxel-based comparison, displayed at P 5 0.005 uncorrected). Regions are displayed in red on rendered images of the brain surface (A) and in yellow-red on a standard axial template (B) using the neurological orientation (right hemisphere on the right side of each section). Note that in the medial temporal lobe, the findings reached corrected significance. The regions with decreased [ binding in the entorhinal cortex (Jansen et al., 1990) and variable losses of benzodiazepine or GABA A binding in the hippocampus and temporal cortex (Chu et al., 1987; Shimohama et al., 1988) . As densitometric measurements on post-mortem tissue are confounded by artefactual volume loss, researchers working with tissue have often placed their findings in the context of in vivo receptor studies performed with PET and were cautious given the previously negative PET studies (Meyer et al., 1995; Ohyama et al., 1999) . Our study, on the contrary, suggests that GABA A changes can be detected in early Alzheimer's disease using current imaging techniques. We studied early Alzheimer's disease because up to 40% of patients with mild cognitive impairment will not have prodromal Alzheimer's disease (Petersen, 2004) . However, a quantification of hippocampal GABA A messenger RNA in post-mortem Alzheimer's disease and prodromal Alzheimer's disease-mild cognitive impairment tissue found a similar reduction of GABA A receptors at both stages of the disease (Rissman et al., 2004) , suggesting that it is worthwhile to look for changes in [ 11 C]-flumazenil binding in mild cognitive impairment or even preclinical stages.
Other than the hippocampal volumes on the volume of interest analysis, the findings on structural MRI did not reach corrected statistical significance. Given that structural MRI has proven useful in Alzheimer's disease and mild cognitive impairment (Misra et al., 2009) , the lack of significance in our study probably reflects the small sample size. Yet, the regions showing a trend for decreased volume were smaller but anatomically similar to areas showing decreased [
11 C]-flumazenil binding ( Supplementary Fig. 4 ). This finding supports the notion that decreased GABA A binding reflects neuronal loss (la Fougere et al., 2011) , which will also cause atrophy. However, the effect size for volume loss, both in the voxel-based analysis and the volume of interest analysis of volume (compare r values in Supplementary Tables 1 and 4) , was smaller than for [ 11 C]-flumazenil binding loss.
18 F]-Fluorodeoxyglucose PET showed a trend for decreased metabolism in the regions where this finding has been classically described in Alzheimer's disease (Chetelat et al., 2008) . A greater magnitude of neuronal loss, measured as decreased [
11 C]-flumazenil binding, in the left medial temporal region ( Fig. 1 and Table 3 ), corresponded to a greater loss of metabolism in the ipsilateral angular gyrus and retrosplenial region ( Supplementary  Fig. 5 ). This finding supports the concept that loss of metabolic activity in parietal association cortex may result, at least in part, from a reduction in the rich projections reaching this region from inferomedial temporal cortex (Lavenex et al., 2002; Munoz and Insausti, 2005) . It also highlights the dissociation between neuronal loss and loss of metabolism that has been reflected in other studies by a regional dissociation between atrophy and metabolic loss (Chetelat et al., 2008) . The applicability of [ 11 C]-flumazenil PET imaging to the study of large samples of patients with Alzheimer's disease and controls would be greatly limited by the need to obtain arterial sampling, which is an invasive procedure. Fortunately, reference region methods have been described that obviate the need for arterial sampling in order to obtain an input function (Hammers et al., 2008; Mourik et al., 2008; Klumpers et al., 2008) . In our study, using the pons as a reference region yielded intergroup differences in medial temporal regions and precuneus that were significant at the uncorrected P 5 0.005 level, which compares favourably to studies of [ 11 C]-flumazenil PET binding in epilepsy (Hammers et al., 2008) or depression (Klumpers et al., 2012) using the pons as reference region. However, at the same threshold, the arterial input method provided larger and more significant regions on voxel-based analyses and a greater intergroup effect on volume of interest analyses ( Fig. 1 and Table 3 ; Supplementary Fig. 8 and Supplementary Tables 4-6 ). This finding agrees with the dictum that the ideal input function should not contain specific binding. Although in smaller amounts than in the cortex, GABA A receptors are present in the pons, and therefore the presence of some specific binding in this region makes it less than ideal as a reference region (Delforge et al., 1995) . It is possible that using carotid pixel density as an input function may yield findings even more similar to the arterial-input-function method, yet without the need for arterial sampling (Mourik et al., 2008 iomazenil studies in Alzheimer's disease were positive, but data on medial temporal binding, the region with the greatest neuronal loss, were not available (Soricelli et al., 1996; Fukuchi et al., 1997) . The patients in both studies had a lower Mini-Mental State Examination score than in our study, 14.7 AE 2.3 in Soricelli et al. (1996) , suggesting more advanced Alzheimer's disease than in our sample (Student's t-test, two-tailed, P = 0.02). A study of [ 123 I]-iomazenil in mild cognitive impairment has been negative (Pappata et al., 2010) . Our findings may encourage more research with this compound. However, because the methodologies differ substantially, it is outside the scope of this paper to discuss investigations performed with [ 
